Blue is not just the colour of the sky and the associated metaphor of blue-sky thinking. It is also the predominant colour impression of our planet seen from space, thanks to the vast blue oceans that cover the majority of its surface. Thus it makes sense that the Earth Summit Rio+20 (Curr. Biol. (2012) 22, R425-R428) envisioned a future 'blue economy' that will make effi cient use of marine resources, but only in a completely sustainable way.
After over-exploiting resources and wrecking the natural world on most continents, humanity is now on the brink of doing the same to the oceans, where megafauna and unexplored wilderness have survived to a remarkable extent, thanks to the technical diffi culty of accessing deeper waters (Curr. Biol. (2015) 25, R209-R212).
As technology is beginning to enable us to harvest deep-sea resources, are we going to learn from mistakes made on land? Is a sustainable blue economy ever going to succeed in working with nature rather than against it? A comprehensive and detailed report prepared by the European Marine Board (EMB), 'Delving Deeper: Critical challenges for 21st century deep-sea research' (http://bit. ly/1K8sIlC), analyses the dangers and opportunities associated with the blue economy and assesses the scientifi c foundations for such endeavours, as well as the research that still needs to be done.
Delving deeper
The EMB report defi nes the deep sea as waters beyond 200 metres depth, which is where the direct infl uence of sunlight ceases and nutrients can only be obtained from materials trickling down from the photic zone or from chemosynthesis. Parts of these deep waters are already affected by industrial extraction of resources, mainly in response to depletion of the same resources in shallower waters.
Fisheries have shown a trend to move into deeper waters as fi sh stocks in their traditional realms dwindle. Some governments have encouraged this development by subsidising deepsea fi shing. According to the Marine Conservation Institute, "high seas trawlers receive some $162 million each year in government handouts, which amounts to 25% the value of the fl eet's catch." This trend is particularly problematic where destructive methods such as bottom trawling are used, which can lead to wholesale destruction of sea-fl oor habitats.
This problem has already been recognised in the political arena. The EMB notes that, after removal of the state subsidies, there would be little incentive for fi shing in deep waters, as the return on investment is poor and getting worse the deeper the water is. Instead of migrating to deeper waters, the fi shing industry should promote a sustainable management of fi sh stocks in coastal and shallow waters, which would give better yields with less effort (Curr. Biol. (2014) 24, R137-R139). A revision of the EU's Common Fisheries Policy placing more emphasis on sustainability came into effect in January 2014.
Like the fi sheries, the fossil fuel industry has migrated to deeper waters after running out of easily accessible reserves. The Deepwater Horizon blowout in the Gulf of Mexico in 2010 has shown that this strategy carries the risk of expensive failures. Again, it can be argued that if energy resources on land and in shallow waters were handled sustainably and in line with climate targets, there would be no need to trouble the deeper waters.
Mining minerals
An important new development with signifi cant impact on the ecology of the deep sea is the imminent start of industrial-scale mining of minerals from the sea fl oor. Small-scale exploratory projects have already been conducted in several places, but now the company Nautilus Minerals from Toronto,
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Current Biology 25, R1019-R1031, November 2, 2015 ©2015 Elsevier Ltd All rights reserved coveted resource takes the shape of polymetallic nodules (also known as manganese nodules), which apart from manganese also contain iron, nickel, copper, as well as traces of other metals. They have the advantage that they occur dispersed on the sea fl oor and can be collected by remotecontrolled machinery without the need to disrupt the sediment structure. The origin of these nodules is still uncertain and may involve biological processes.
Then there are metal-rich muds, which, like the sulphide deposits, are found in association with hydrothermal activity. They may be promising sources of zinc, copper, silver and gold. Cobalt-rich crusts, by contrast, are iron hydroxide precipitates enriched in cobalt, platinum and tellurium, typically found around sea mounts in the Pacifi c. Finally, there are signifi cant deposits of phosphate that could become relevant as the reserves in conventional phosphate mines on land are beginning to run out (Curr. Biol. (2010) 20, R386-R387).
As technologies for accessing and exploiting these deep-sea resources are progressing rapidly, the economic driving force for their use is gaining impetus. The EMB report notes that fundamental research into environmental impact and sustainable modes of operation as well as policy and regulation of such activities are already lagging behind this development.
For instance, it is far from clear how fast substrates disturbed by mining operations can be recolonised by native species from similar sites nearby, as a fundamental understanding of the life cycles and ecological connections of most species of the deep sea is still lacking. Moreover, the report notes that baseline data on biodiversity and ecosystem function are in short supply, so, even if the status of the biotopes is assessed after mining has started, there will be insuffi cient data to compare it to.
The opportunities in deep-sea mining are evident and may be just too tempting to miss for a global economy addicted to extracting materials from the Earth. As investment has already been committed, and the industrialscale underwater equipment has been built, it appears inevitable that deepsea mining operations will go ahead, while governments and defenders of the environment will struggle to restrict the new industry to a sustainable scale and pace. The most sustainable alternative, of course, would be to recycle substantially larger fractions of the mineral resources that the world uses. This would require a major rethink in the treatment of electronic waste, as well as a revolution in wastewater treatment to close the phosphorus cycle.
A legacy of pollution Deep-sea mining will inevitably lead to pollution in situ, adding to the many different kinds of waste that have already impacted the oceans. Dumping waste at sea was a common practice until the London Convention banned it in 1972. Radioactive waste was even deposited on the sea fl oor until 1983. To this day, disposal of mining waste at sea, known as Submarine Tailing Disposal (STD), is standard practice in Norway, the EMB report notes, as the country lacks suitable sites to store the waste on land. Other countries using this approach include France, Greece, Turkey, Indonesia and Papua New Guinea.
The London Convention allows STD under specifi c permits. The report cautions, however, that "the lack of understanding of the behavior of mine Canada, appears to be set to start commercial exploitation in the waters of Papua New Guinea by 2018.
The company plans to mine massive sulphide deposits from the sea fl oor using a robotic bulk cutter measuring over fi ve metres in height and width and more than ten metres in length, along with two other seafl oor production tools of similar size. The targeted metal sulphide deposits form in geologically active regions of the sea fl oor, along the mid-oceanic ridges, where hydrothermal fl uids emerge and many of the chemicals they carry are precipitated due to their poor solubility in cold seawater. The deposits consist of iron, copper and zinc minerals, and may also contain rarer elements including gold, silver, indium and germanium.
Exactly what impact this industrial exploitation will have on the marine environment and what could be done to limit the damage are questions that are far from resolved and still subject to research. A detailed assessment of the impact may only become possible once the activity has started. Given the diffi culty of accessing the site, the assessment will also depend on the cooperativity of the company.
The EMB report discusses four additional types of mineral resources considered for exploitation. One much Cutting deep: This bulk cutter is one of three large sea-fl oor production tools commissioned by Nautilus Minerals and built at Soil Machine Dynamic in Newcastle-Upon-Tyne, UK. Nautilus wants to use it to mine massive sulphide deposits in the waters of Papua New Guinea. (Photo: Nautilus Minerals.)
Current Biology 25, R1019-R1031, November 2, 2015 ©2015 Elsevier Ltd All rights reserved R1021 tailings in the deep ocean and their biological impacts is a signifi cant cause for concern." The material can smother ecosystems at the disposal site, and if toxic metal ions are released into the water they may end up in the food web. The EU is currently producing new guidelines for best practice in the marine disposal of mining waste.
On top of these legally permitted assaults on the oceans, there are the irregular and illegal waste disposals which are very diffi cult to police on the oceans, along with the accidental pollution from shipwrecks and accidents on drilling platforms. Large numbers of ships rest on the sea fl oor, where the more modern ones may be slowly leaking their fuel and toxic materials. Until the case of the Shell platform Brent Spar made headlines around the world in 1995, it was also deemed acceptable to dump such vast structures instead of towing them back for recycling on land.
Finally, the swelling tide of plastic waste washed out to sea and broken down to microscopic particles that may enter the food web has become a considerable concern over recent years (Curr. Biol. (2015) 25, R93-R96). Overall, the oceans, including the deeper waters, are already exposed to large amounts of anthropogenic pollution, and much more research will be needed to establish how this will affect the ecology of the oceans.
Confl icts of conscience
While the problems outlined above can mostly be described as confl icts between economic interests and the conservation of a natural environment, there is also the growing prospect of environmentally motivated actions that will in turn impact the marine environment, requiring carefully balanced decisions based on sound scientifi c knowledge.
Even the greenest technologies can have side effects. Off-shore wind turbines, for instance, require sacrifi cial anodes, which release large amounts of zinc into the water. Tidal energy installations may disrupt the local ecosystems, as large hydroelectric dams do on land.
The EMB report discusses in detail the prospect of producing 'blue energy' from the temperature gradient between the cold deep waters (2°C) and warm surface waters. As a temperature difference of at least 20°C is required for economic effi ciency, this would only be an option in tropical waters. Compared with solar and wind power, the Ocean Thermal Energy Conversion (OTEC) technology has the advantage that it can supply a constant baseload at all times. It is particularly competitive when supplying island and coastal locations that are far from conventional power sources.
An open system allowing seawater itself to circulate between the layers would produce an unnatural mixing process that could have side effects, the report notes. By contrast, a closed system with a sealed-in liquid circulating could avoid this and achieve higher effi ciency using other fl uids such as ammonia. In any case, the industrial scale required to make such installations economically viable, along with the surrounding infrastructure, are likely to have an environmental impact.
The company Lockheed Martin is currently developing a 10MW OTEC plant for a zero-carbon resort to be built in southern China, which is due to become operational in 2017.
While OTEC plants may stir up the oceans locally and to a modest extent, more dramatic effects are expected from plans to avert catastrophic climate change by fi ddling with the Earth system, also known as geoengineering. Some of the interventions considered, like iron fertilisation with a view to increase carbon sequestration (Curr. Biol. (2009) 19, R143-R144) , are also bound to affect the deep waters.
In all of these issues likely to impact upon the ecology of the deep sea, it is obvious that our scientifi c knowledge base is not nearly suffi cient to warrant that we can fi nd ways of developing the blue economy in a sustainable way. If the industrialisation of the deep sea rushes ahead and the science comes trundling after to assess the collateral damage, humanity is bound to repeat on the sea fl oor the same mistakes it has made on land. For the sake of the life blood of our blue planet, we should put scientifi c understanding fi rst. What turned you on to biology in the fi rst place? When I was a student in junior high school, I was interested in humanities rather than natural sciences. I loved to study the history of Japan and imagined how leaders made their decisions in each period. I especially liked leaders in the transition from the Edo Era to the Meiji Era, which is called 'The Meiji Restoration' (Meiji Ishin). In that period, there were many changes in Japan. Because I was also interested in studying political science, I planned to take a course in the department of political science in a university, when I was a high school student. However, I found that it was hard to visualize achievements that could be made in the fi eld of political science. I completely changed my mind at that point, and wanted to work with visual products. Since Japan is a small country, there are few food resources. However, the development of science technologies is active in Japan. Therefore, I decided to tackle the challenge of generating useful food resources using biotechnological approaches.
